Introduction
Full opening of rose flowers is aesthetically important. Flower opening is mainly due to the expansion of petal cells with water influx (Evans and Reid, 1988; Kenis et al., 1985; Koning, 1984) . The vase life of cut flowers is often shortened by vascular occlusions that constrict water uptake. A broad range of biocides has been suggested to prevent the proliferation of microorganisms in vase solutions and prolongs the vase life of numerous species (Damunupola and Joyce, 2008) . On the other hand, sugar accumulation in petal cells is believed to be a mechanism reducing petal water potential, promoting water influx for cell enlargement and flower opening (Evans and Reid, 1988; Ho and Nichols, 1977; Ichimura et al., 2003) ; however, when the cell wall of petals remains rigid, neither water influx nor cell expansion may occur. Thus, relaxing the cell-wall strength for cell enlargement by water influx is also important. Cell-wall changes during flower opening have thus far received little attention (de Vetten and Huber, 1990; WiemkenGehrig et al., 1974; Winkenbach, 1971 ). Characterization of cell-wall extensibility during flower opening is an important precursor to detailed molecular investigations.
The plant cell wall is a strong fibrillar network arranged to give each cell a stable shape. Cell wall extensibility may be a growth-limiting factor for petal expansion. In stems and coleoptiles, mechanical properties of the walls have been investigated by stressrelaxation and load-extension analyses evaluating auxin-, gibberellin-, and acid-induced increases in extensibility (Adams et al., 1975; Carpita and Kanabus, 1988; Hohl and Schopfer, 1992; Matsukura et al., 1998; Nakamura et al., 1975; Tanimoto and Masuda, 1971; Yamamoto et al., 1970) . Creep extension has been performed to determine the yield threshold load of cell walls (Kutschera and Kende, 1988; Nakahori et al., 1991; Okamoto and Okamoto, 1994; Pritchard et al., 1990; Tomos and Pritchard, 1994) . Moreover, the physical parameters and cell-wall extensibility under low pH have been investigated to clarify rheological processes in the elongation of cell walls (Tanimoto et al., 2000) . It follows that studies on petal cell-wall extensibility during rose flower opening are warranted.
More specifically, plants selectively loosen the cellwall network or matrix, enabling them to yield to expansive forces generated by turgor pressure. Cell-wallloosening candidate proteins include pectinases, endo-1,4-β-D-glucanases, xyloglucan endotransglycosylase/ hydrolase (XTH), and expansins (Cosgrove, 2001) . Expansins and XTH, in particular, appear to participate intimately in the increase in cell-wall creep rate. Pectinase and endo-1,4-β-D-glucanases are more involved in cell wall degradation. Expansins were first identified in cell-wall protein fractions that restored acidinduced extension of heat-inactivated cell walls (McQueen-Mason et al., 1992) . They are believed to disrupt hydrogen bonding between cellulose microfibrils and matrix glucans (McQueen-Mason and Cosgrove, 1994) . Expansin genes belong to a multigene superfamily that includes two families of genes: α-expansin, which was identified first, and β-expansin (Cosgrove, 2001) . They are commonly identified in expanding and growing tissues. Expansins are also expressed in non-growing tissue, such as in ripening fruits (Brummel et al., 1999; Civello et al., 1999; Rose et al., 1997) and the abscission zone (Belfield et al., 2005; Sane et al., 2007) .
XTHs were first identified and characterized in higher plants (Fry et al., 1992; Nishitani and Tominaga, 1992) . Each gene in the XTH family catalyses either molecular grafting or disassembly of xyloglucan cross-links within the cellulose-xyloglucan framework (Nishitani and Tominaga, 1992; Okazawa et al., 1993) ; thus, XTHs participate in loosening and rearranging the cell walls in growing tissues (Rose et al., 2002) . XTHs may also participate in cell expansion (Fry et al., 1992; Nishitani, 1997; Vissenberg et al., 2000) . XTHs are expressed in growing tissues and ripening fruits (Catalá et al., 2000; Rose and Bennett, 1999) , as a storage polymer in seeds (de Silva et al., 1993; Tiné et al., 2000) , and in developmental processes such as aerenchyma formation (Antosiewicz et al., 1997; Saab and Sachs, 1996) . Predominance of XTH activity is associated with the opening of sandersonia flowers (O'Donoghue et al., 2002) .
In flowers, α-and β-expansins were identified in opening and senescencing Mirabilis jalapa flowers (Gookin et al., 2003) . Also, the function of α-expansin was characterized using a transgenic antisense approach in Petunia hybrida (Zenoni et al., 2004) . Previously, we reported the cloning of three α-expansin cDNAs and four XTH cDNAs from rose petals (Takahashi et al., 2007) .
Although many studies have focused on senescence to improve flower vase life (van Doorn and Woltering, 2008) , physiological studies of flower opening have been little reported. The vase life of cut roses depends at least in part on flower opening. Thus, clarifying the mechanism of rose flower opening to improve vase life is important. In this context, the present study focused on changes in cell-wall extensibility during rose petal growth, and expression patterns in rose petals of transcripts that code for the cell wall-loosening proteins expansin and XTH were also analyzed.
Materials and Methods

Plant materials
Roses (Rosa hybrida L. 'FEbesa') known in Japan as 'Pretty Woman', were obtained from the farm of Nagoya University. The petals were harvested at the 6-flower stage as shown in Figure 1A : stage I, a bud of diameter 5 mm; stage II, a bud of diameter 10 mm; stage III, an expanded bud with pinkish petals between the sepals; Stage IV, an opening flower with completely separated sepals; stage V, opened flower with recurved outer petals; stage VI, fully opened flower with anthers exposed. The five outermost petals at each stage from each flower were sampled and weighed before freezing in liquid nitrogen. For expression analysis of different parts of the petal, three (upper, middle and lower) parts of stage V petals were collected using a cork borer (Nonaka Rikaki Co., Ltd., Tokyo, Japan) with a 5.5 mminternal diameter. The upper part of petals bent to the reverse side at stage V, the middle part did not bend back, and the lower part included the base of the petal.
Light microscopic observation of rose petal cross
sections Petal tissues were fixed in 100 mM phosphate buffer (pH 7.4) containing 4% (w/v) paraformaldehyde at 4°C overnight. Tissues were then dehydrated through a graded series of ethanol and embedded in Technobit 7100 resin (Heraeus Kulzer, Wehrheim, Germany). Sections of 4 μm were sliced using a microtome and then placed on glass slides followed by Toluidine blue O staining for observation.
Creep extension analysis
Fresh rose petals were frozen at −30°C and thawed at room temperature before 5 mm-width strips were cut near the edge of the petal parallel to the main vein. Petal strips were secured between two clamps and were extended at constant weight per cell wall area at 20°C. Cell-wall area was calculated using a cross section and the density of each petal strip. Changes in the distance between two small dots, marked on the petal strip before securing, were measured using a microscope with an xy microstage (Mitsutoyo Corp., Kawasaki, Japan) with an accuracy of ±1 μm. The distance was recorded every minute until 6 min after starting, and every 2 minutes from 6 min to 30 min after starting. The petal strips were wetted with distilled water to prevent dehydration during 244 analysis. The creep rate was calculated as the strain increase per hour between 6 min to 30 min after starting. The weight was removed after 30-min loading, and then the distance between two dots was measured after the strip had been left for 5 min (35 min after starting). The strain after 35 min was shown as a plastic extension, and the difference between the strain after 30 min and that after 35 min was shown as an elastic extension (Tanimoto et al., 2000) .
Cell wall protein extraction
Cell wall proteins were extracted using the method of McQueen-Mason et al. (1992) with a slight modification. Ten grams of frozen rose petals collected at stage IV were homogenized in 20 mM sodium acetate buffer (pH 4.5) containing 2 mM disodium ethylene diamine tetraacetate (EDTA). After centrifugation at 10000 × g for 20 min, the pellet was mixed for 16 h with 20 mM HEPES buffer (pH 6.8) containing 1 M NaCl, 2 mM EDTA, and 1 mM dithiothreitol. The supernatant was collected by centrifugation at 10000 × g for 20 min and mixed for 30 min with 60% saturated ammonium sulfate. The mixture was again centrifuged at 10000 × g for 20 min, and the pellet was dissolved in 1 ml of 50 mM sodium acetate buffer (pH 4.5). This protein solution was desalted using a Sephadex G-25 column (NAP-10, GE Healthcare UK Ltd., Little Chalfont, England) and was used as a native cell-wall protein extract. All procedures were performed on ice or at 4°C. Two strips cut from each petal at stage III were treated; one strip was treated with the cell-wall protein extract for one hour at 25°C and another was treated in the same way with cell-wall protein extract pre-heated for 30 min at 99°C (i.e., denatured). These strips were then used for creep extension analysis.
Total RNA extraction Total RNA was extracted using the following method. Frozen petals were homogenized well in liquid nitrogen in a pre-cooled mortar and pestle, and mixed in 200 mM Tris-HCl buffer (pH 9.0) containing 1% (w/v) sodium dodecyl sulfate, 200 mM LiCl, 5 mM EDTA, 1% (v/v) mercaptoethanol, and an equal volume of phenol saturated with Tris-HCl (pH 9.0). Then chloroform containing 1/25 volume of isoamylalcohol (CIA) was added and the mixture was shaken well before centrifugation at 10000 × g for 10 min. The aqueous phase was washed with CIA and the nucleotides were precipitated by adding an equal volume of 2-propanol and 1/10 volume of 3 M sodium acetate (pH 5.3) at −20°C. Precipitated nucleotides were collected and dissolved in a minimum amount of TE buffer (10 mM Tris-HCl buffer (pH 8.0) containing 1 mM EDTA). A 1/4 volume of 10 M LiCl was added to the nucleotide solution to precipitate RNA and the precipitate was washed in 2 M LiCl containing 50 mM EDTA and then dissolved in TE buffer. Cetyltrimethylammonium bromide (final 10% (w/v)) and NaCl (final 700 mM) were added to the RNA solution and then an equal volume of aqueous CIA was added. The mixture was separated by centrifugation at 10000 × g for 10 min and precipitated RNA dissolved in TE buffer. RNA was precipitated again by adding 2.5 times the volume of ethanol and 1/10 volume of 3 M sodium acetate (pH 5.3). RNA precipitate was washed with 70% (v/v) ethanol, dried, and then dissolved in TE buffer. This extraction was repeated two or three times for each sample for independent PCR analysis.
Quantitative real-time RT-PCR
Gene-specific mRNA was quantified using the SYBR ExScript RT-PCR Kit (Perfect Real Time: Takara, Otsu, Japan) in a Thermal Cycler Dice Real Time System (Takara) according to the protocol of the supplier. Paralog-specific primers for each gene were designed based on the 3' un-translated region sequence of each cDNA. Primer pairs for each paralog were as follows: RhEXPA1, 'CCA AGG GGG TCA ATT CTA G' and 'TAC TGT TTA GCT CAC CTC AGC'; RhEXPA2, 'CGG GAA AAA ATT GGA AGT GG' and 'GCAACC GAC ACA CTT AGA CTT GG'; RhEXPA3, 'GAT GGC CGC AAA TTG GTT TCT' and 'TTC AAC TGG AAA AGG GCC A'; RhXTH1, 'ATG AAG ATG AAG ATG ATG AGG AAG' and 'GTA GTG ATT AAC GCT CAC GAG G'; RhXTH2, 'AGT GCC CCT GCT TCG ACT A' and 'TTG ATT GAT GAC TTT GTA TGT CTC G'; RhXTH3, 'TCT TCT TGC AGT TCA ACT AGT ACT AA' and 'GTA TGT ATT GCC ATG TTC GAT C'; RhXTH4, 'CCA CTA GGG TTT TCA GAA GGG' and 'CAA ACT AAG AAC TGA ACC AAG AAA CC'. Common primers among paralogs for rose expansin ('AAC CTT GTT CTG ATC ACC AAC GTC' and 'CCA GTT TTG GCC CCA GTT TC') and rose XTH ('TCT TCC TCT GGT TCG ACC C' and 'CCC AAT CGT CTG CGT TCC') were designed based on conserved regions for three expansin paralogs and four XTH paralogs, respectively. Relative gene expression levels were calculated using the comparative Ct method, including normalization against constitutively expressed GAPDH (DDBJ accession number, AB370120) and against a control sample (petals at stage I). Channeliere et al. (2002) previously showed that GAPDH is constitutively expressed throughout flower opening in roses. The primer pair for GAPDH was 'CCA GAA GACTGT TGA TGG ACC' and 'GCA GAA CCT TTC CGA CAG C'. Figure 1A shows the flower profile at each harvesting stage. The morphology of the petal changed markedly between stage III and stage V. The fresh weight increased rapidly from stage III up to stage V, and decreased at stage IV (Fig. 1B) . Cross-sections of the stage III, IV, and V petals were observed by light microscope (Fig. 1C,  1D ). The upper layers in Figures 1C and 1D were the adaxial epidermis and the lower layers were the abaxial epidermis. The layer inside the adaxial epidermis was the palisade parenchyma. Tissue between the palisade parenchyma and abaxial epidermis was spongy mesophyll. The volumes of epidermal cells at stage IV and V were large compared with at stage III. Cornshaped cells, which lined the upper surface of the petal and were slender at stage III, expanded horizontally at stage IV and V, at which the petals showed recurving growth to the reverse (abaxial) side. Although petals displayed recurving at the edge or margin of the petals at stage V, expanding growth of petal cells occurred in the middle (central) part as well as in the upper (distal) part (Figs. 1C, 1D , and 6A). The growth rate from stage III to stage VI in the lower (proximal) part of the petal was about half of those in upper and middle parts of the petal (data not shown).
Results
Rose petal growth
Change in cell wall strength
Figures 2A and 2B show a change in the creep rate per cell-wall area during rose flower opening. The creep rate at stage IV was twice that at stage III, and then declined to an intermediate value at stage V. Both plastic (Fig. 2C) and elastic (Fig. 2D) extensions showed generally similar patterns as the creep rate, except that elasticity did not decrease from stage IV to V.
The influence of added cell-wall proteins was assessed by measuring the creep rate. Native proteins extracted from stage IV petals, in which the cell-wall creep rate was fastest, enhanced the creep rate of stage III petals compared to control proteins which were pre-heated at 99°C for 30 min (Fig. 3) ; however, the protein extract had a negative effect in one of the six replicate tests.
Expansin and XTH expression patterns during rose petal growth
The transcripts level of expansin and XTH were analyzed by quantitative real-time . Expressions of total expansins and total XTHs showed similar patterns. Expression was low until stage III, but then increased at stage IV and remained elevated until stage VI (Figs. 4A and 5A ). As shown by using specific primers for each paralog of expansin and XTH, RhEXPA1, and RhXTH1 increased greatly from stage III to IV of flower bud growth and development, which included the time that flowers are about to open; however, expressions of RhEXPA2 and RhXTH4 remained largely unchanged (Figs. 4B-D and 5B-E). RhEXPA1 in particular peaked at approximately 100-fold in petals at stage V relative to stage I. RhEXPA1 expression had relatively high specificity to the petals. In peduncles, RhEXPA3, RhXTH1, RhXTH2, and RhXTH3 had high expression levels. In young leaves, RhEXPA2 and RhXTH4 had high levels.
Expression pattern in different parts of rose petals
The transcripts levels of each paralog gene were investigated by real-time RT-PCR analysis in upper (distal), middle (central), and lower (proximal) parts of the petal to examine the relationship between expanding growth of the petal and expression levels of RhEXPAs and RhXTHs (Fig. 6 ). RhEXPA1 at upper and middle parts of the petal showed the same expression level as the lower part, even though RhEXPA2 and RhEXPA3 3 . Effect of cell-wall proteins extracted from rose petals on the creep rate of petal strips. Rose petal strips cut at stage III were incubated with proteins extracted from rose petals at stage IV. As a control, petal strips cut from the same petals were treated with pre-heated (i.e. denatured) proteins. Values are expressed as a ratio against each control strain and represent the mean ± SE (n = 6).
had the highest expression levels in the lower part. RhXTH1 had a high expression level in the upper and middle parts. RhXTH2, RhXTH3, and RhXTH4 had the highest levels in the upper part.
Discussion
The creep rate of petal strips was maximal at stage IV during flower opening and declined at stage V. Both plastic and elastic extensibility showed similar change patterns as the creep rate, except that elasticity remained high at stage V. These observations imply that the walls of petal cells at stage IV loosened to allow expansion upon water uptake. Some proteins in cell walls may be involved in mediating cell-wall-loosening. In this study, the difference in the creep rate was investigated using native proteins and denatured proteins extracted from stage IV petals. Although the difference did not show significance, the result showed some trends that native proteins had a positive effect on cell-wall-loosening. A cell-wall protein that increased the creep rate of hypocotyl cell walls has been purified from cucumber seedlings (McQueen-Mason et al., 1992) and its cDNA cloned (Shcherban et al., 1995) . The protein, expansin, has since been found in many plants. XTH also participates in cell expansion (Fry et al., 1992; Nishitani, 1997; Vissenberg et al., 2000) . While creep extension analysis in the present study did not directly show that expansin and XTH led to rose petal expansion, the literature and present creep analysis indicated that these cell-wall-loosening proteins merited investigation in rose flowers with a view to elucidating their relation to petal growth. Earlier, we cloned three cDNAs of expansin (DDBJ accession numbers AB370116, AB370117, AB370118) and four cDNAs of XTH (DDBJ accession numbers AB428378, AB428379, AB428380, AB428381) from rose petals (Takahashi et al., 2007) .
Our phylogenetic analysis of α-expansin showed that RhEXPA1, RhEXPA2, and RhEXPA3 belong to clades-III, -I and -IV, respectively (data not shown). Sampedro et al. (2006) proposed that expansins belonging to clade-IV may have an important role in xylem development. Accordingly, RhEXPA3 from rose petals could participate in xylem development. Clade-III, which includes RhEXPA1, contains many α-expansin genes expressed in rapidly growing tissue. For example, CsExp1, LeExp2, and OsExp4 (Catalá et al., 2000; Shcherban et al., 1995) are expressed in elongating hypocotyls, suggesting, therefore, that RhEXPA1 may relate to petal growth. Our phylogenic analysis of XTH showed that RhXTH1 and RhXTH4 belong to clade-I and that RhXTH2 and RhXTH3 belong to clade-II (data not shown). Members of clades-I and -II are believed to have xyloglucan endotransglucosylase activity, which catalyses both cleavage and grafting. Members of clade-III may have xyloglucan endohydrolyse activity, which catalyses only cleavage (Rose et al., 2002) . Thus, the four RhXTHs cloned from rose petals in the present study may catalyze transglucosylation between xyloglucans. For expression analysis we used primer pairs that recognized three expansins and four XTHs to detect the total expansin transcription level and total XTH transcription level, respectively. We then re-designed specific primers for each paralog. The transcript level of RhEXPA1 and RhXTH1 was correlated with the change in petal weight (Figs. 4 and 5 ) and showed similar change patterns to total expansin and total XTH levels, respectively. It is quite likely that RhEXPA1 and RhXTH1 are the major paralogs in rose petals. Petals displayed recurving on the reverse (abaxial) side edge or margin at stage V (Fig. 1A) ; however, expanding growth of petal cells occurred in the middle part as well as the upper (adaxial) edge (Fig. 1C, 1D ). Transcript levels of RhEXPA1 and RhXTH1, which evidently participate in petal expansion, were almost the same in the upper and middle parts of stage V petals. These results suggest that petal expansion at stage V occurs across the upper and middle parts of petals, and that RhEXPA1 and RhXTH1 may have important roles in rapid cell expansion. Sane et al. (2007) cloned RbEXPA1 from the rose Rosa bourboniana. This clone has 98% identity to our Fig. 5 . XTH mRNA expression in various rose flower organs. mRNA levels were quantified using real-time RT-PCR with primers that recognize all of RhXTH1, 2, 3, and 4 (A) and with primers specific to RhXTH1 (B), RhXTH2 (C), RhXTH3 (D), and RhXTH4 (E). Expression levels were normalized against an internal GAPDH control and expressed as a ratio against the value for petals at stage I. A, each value represents the mean, and error bars indicate maximum and minimum. B, C, D, and E, each value represents the mean ± SE (n = 3).
RhEXPA1 on a nucleotide basis. RbEXPA1 is expressed in senesced petals and correlates to petal abscission. In our study, RhEXPA1 had high expression levels in both the lower part of petals, which includes an abscission zone, and in the expanding parts, but decreased a little in senesced petals. This difference with Sane et al. (2007) suggests that RhEXPA1 and RbEXPA1 have a somewhat different role in R. hybrida 'FEbesa'. There is a possibility that the cell walls of rose petals are loosened by RhEXPA1 and RhXTH1 mainly at stage IV during flower opening. Glucose and fructose are the principle osmolytic soluble carbohydrates that accumulate in rose petal cells during flower opening (Evans and Reid, 1988; Yamada et al., 2007) . An increase in cell-wall extensibility by the action of expansin and of XTH coupled with an increase in osmotic pressure via acid invertase activity may facilitate rapid expansion of rose petal cells. RhEXPA2 and RhEXPA3 had high expression levels in the lower part of petals compared with other petal parts. They may, perhaps, correlate to abscission zone formation, but their expression levels at stage V were low compared with other stages of petal growth and development. In the present work, RhXTH2 and RhXTH3 increased at stage VI, when rose flowers opened fully and senesced. Although the roles of RhXTH2, RhXTH3, and RhXTH4 in the lower part of stage V petals were not evident, they might correlate with cell-wall degradation during petal senescence. For analysis of different parts of petals, RNA was extracted only once from each part; however, the results seemed to show a trend, because 20 petals of four independent flowers were used for one extraction. Further analysis of these These expression levels were normalized against an internal GAPDH control and expressed as a ratio against each value in the lower petal part.
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paralogs is therefore needed. Overall, in this study, we have elucidated petal growth, cell-wall extensibility and expression of cell-wallloosening proteins for opening R. hybrida 'FEbesa' blooms over six sequential stages of flower growth and development. Future work will explore the roles that expansin and XTH play in regulating cell-wall extensibility and rose petal growth during post-harvest handling.
